SUMMARY
3
contain caspase recruitment domains (CARD) in their prodomain, while caspase-8 and caspase-10 contain two copies of death effector domains (DED) (6) (7) (8) . The CARD in caspase-2 is required for homodimerization (9, 10) , whereas the CARD in caspase-9 interacts with the mammalian CED-4-like adaptor Apaf-1 (11) . Cytochrome c-and dATP-dependent oligomerization of Apaf-1, followed by interaction of oligomerized Apaf-1 with procaspase-9 results in proximity induced activation of caspase-9 (11, 12) . One of the DEDs in caspase-8 interacts with the DED in the adaptor FADD, a molecule that helps recruit procaspase-8 to activated death receptors of the TNFR family (6, 7) . Again, this adaptor-mediated recruitment of the procaspase molecules is believed to be sufficient for caspase activation (8) . Once the caspases containing long prodomains are activated, they are believed to activate downstream caspases that lack specific protein-protein interaction domains, thereby initiating a cascade of caspase activation (1) (2) (3) .
In Drosophila melanogaster, three proteins, Reaper, Hid and Grim, play critical roles in apoptosis (13) . These proteins act upstream of caspase activation and appear to be required to counteract the caspase inhibitors Diap1 and Diap2, Drosophila homologs of the baculovirus inhibitor of apoptosis, IAP, P35 (13, 14) . In Drosophila, specific mutations in diap1 (thread), show increased cell death in the embryo (15) (16) (17) (18) and Diap1 has been shown to bind to and inhibit the activity of Drosophila effector caspases (18, 19) . A CED-4/Apaf-1 homolog called Dark/Hac-1/Dapaf-1 (20) (21) (22) , and a pro-apoptotic CED-9/Bcl-2 homolog, Debcl/Drob-1/dBorg-1 (23) (24) (25) have recently been described in Drosophila. There are seven known caspases in Drosophila, including 5 published ones, Dcp-1, Dredd, Drice, Dronc, and Decay (26-33) and two unpublished ones, Damm and Strica (accession numbers AF240763 and AF242734, respectively). Dredd and Dronc contain long prodomains, carrying DEDs and a CARD, respectively, suggesting that these two caspases may act as upstream caspases. Strica also contains a long prodomain, but it lacks any CARD/DED sequences. On the other hand, Dcp-1, Drice, Decay and Damm lack long prodomains and are thus similar to downstream effector caspases in mammals. A dcp-1 mutation results in larval lethality and melanotic tumors (26).
Additionally, dcp-1 mutants show a defect in transfer of nurse cell cytoplasmic contents to developing oocytes, suggesting that it may also be required for Drosophila oogenesis (34) . As no mutants for other Drosophila caspases are currently available, their precise functions remain by guest on http://www.jbc.org/ Downloaded from 4 unknown. However, a number of indirect observations point to a role for other Drosophila caspases in apoptosis in vivo. For example, dredd mRNA accumulates in embryonic cells undergoing programmed cell death and in nurse cells in the ovary at a time that coincides with nurse cell death (27) , dronc mRNA although widely expressed during development, is upregulated by ecdysone in larval salivary glands and midgut prior to histolysis of these tissues (30) , and antibody depletion experiments suggest that Drice is required for apoptotic activity in the S2 Drosophila cell line (35) . Furthermore, a deficiency uncovering dredd dominantly suppresses the ablated eye phenotype due to ectopic expression of rpr, hid or grim, and a minigene of dredd reverses this suppression, showing that dredd is important for PCD in vivo (27) .
We have previously shown that overexpression of Dronc induces cell death in mammalian cells (30) . In two recent studies (36, 37) it was shown that ectopic expression of dronc promotes apoptosis in the developing Drosophila eye that can be suppressed by coexpression of diap1. Furthermore, in yeast, Diap1 inhibited Dronc activity and this inhibition was abrogated by co-expression of Hid or Grim (37) . Diap1 binds to the prodomain of Dronc, and consistent with this, expression of a truncated version of Dronc lacking the prodomain resulted in a more severe ablated eye phenotype that could not be rescued by co-expression of Diap1 (36) . These studies also showed that a mutated version of dronc (containing a mutation in the caspase active site) acted in a dominant negative manner to suppress rpr and hid-induced cell death (36) . Likewise a deficiency removing the dronc gene was able to dominantly suppress rpr and hid-induced cell death in the eye (36) , showing that Dronc mediates cell death by Rpr and Hid. In addition, the studies showed that Dronc associates with the effector caspase Drice and is able to process Drice to the active form (36, 37) . Surpringly, it was found that Dronc activity was not inhibited by the baculoviral caspase inhibitor, P35, nor could Dronc cleave P35 (36, 37 S-Diap1 in a total volume of 400 µl caspase assay buffer.
MATERIALS AND METHODS

DroncTransgenic Flies and Genetic Interaction Studies -
After incubation at 4 °C for 3 h, beads were washed twice with 100 volumes of wash buffer and twice in 100 volumes of phosphate buffered saline before SDS-PAGE and immunoblotting to a PVDF membrane.
Western Blotting-PVDF membranes were blocked overnight at 4 °C, in 5% skim milk in phosphate buffered saline containing 0.05% Tween20 (PBS-T). Blots were probed with In vitro Cleavage of Dronc-The cDNA construct pOT2-dronc was used as a template for the production of RNAi Methods-dronc RNAi was preformed using previously described methods (45, 46) .
RNA transcripts were generated using the Ambion Megascript kit with linearised pOT2-dronc templates. Sense and antisense transcripts were purified, annealed and then dissolved in injection buffer (5 mM KCl in 0.1 mM phosphate buffer, pH 7.8) at 0.75 mg/ml.
Precellularized embryos were injected at 50% egg length and aged until stage 11-13.
RESULTS
Dronc Induces Apoptosis -In order to examine the function of Dronc in a whole animal, transgenic flies were generated containing Dronc tagged with GFP or the inactive dronc mutant, dronc C318G also tagged with GFP, under the control of the yeast UAS(GAL4) in pUAST (38). Expression of these constructs was then achieved by crossing flies to various GAL4 drivers. To
show that the constructs were expressing, we crossed UAS-dronc and UAS-dronc C318G flies to flies containing the GMR-GAL4 driver, allowing expression in the posterior region of 3 rd instar larval eye imaginal discs (47) . Eye imaginal discs from these 3 rd instar larvae stained specifically in the posterior region with αGFP and αDronc antibodies (Fig. 1A-D 1E ; and data not shown), whereas wild type dronc expression resulted in a massive induction of cell death in the posterior part of the eye disc (Fig.   1F ). Expression of dronc during embryogenesis or in different tissues during larval development using the heat shock inducible hsp70-GAL4 driver also resulted in ectopic cell death (Fig. 1J) .
To examine the phenotypic consequence of expression of dronc in the eye disc we allowed progeny of the cross of GMR-GAL4 to the UAS-dronc construct to develop into adults. Many died as pupae (data not shown), which has been previously observed and attributed to the poor ability of the adults to break through the pupal case (36) . The few adults from this cross that survived, exhibited severely ablated eyes (Fig. 1H) , as has been previously observed (36, 37) . By contrast, no death during the pupal stage was observed with flies from the cross of GMR-GAL4 to UAS-dronc C318G and adult flies showed normal eyes (Fig. 1G ).
Thus the expression of dronc results in an almost complete ablation of the eye, similar to that obtained with expression of the apoptosis inducers rpr, hid or grim from the GMR enhancer (40, 41, 44, 48) .
The GMR-Dronc Eye Phenotype is Suppressed by p35 -To examine genetic interactions
between Dronc and other apoptotic pathway genes, we chose two other UAS-dronc transgenic lines (#23 and #80) that resulted in less lethality when crossed to GMR-GAL4, and generated a recombinant 2 nd chromosome for each of these transgenes with GMR-GAL4. When GMR-GAL4 UAS-dronc#80 was crossed to wild type w 1118 flies at 25 o C, adult flies that exhibited slightly rough and mottled eyes were observed ( Fig. 2G compared with 2A) . A similar phenotype has been observed in previous studies (36, 37) and has been shown to be due to ablation of the pigment and photoreceptor cells (36 Figure   2C , coexpression of GMR-p35 dramatically improved the eye ablation phenotype of GMRdronc. Thus, in our system Dronc is sensitive to P35 in the Drosophila eye.
We also examined whether Dronc was able to induce cell death in the hemocyte-derived , although rescue was significantly better than observed with Diap2 (Fig. 3) . , showed suppression of the GMR-dronc eye phenotype (Fig. 2E, F and data not shown), indicating that Dark plays a role in promoting Dronc-induced cell death in the eye. As observed previously (36, 37) , halving the dosage of diap1 using deficiencies or the specific allele thread 5 , dominantly enhanced the GMR-dronc eye phenotype at 25 o C (Fig. 2H , I compared with 2G; and data not shown). In addition, these diap1 mutations dominantly enhanced the lethality associated with GMR-dronc, resulting in at least ten fold lower numbers of GMR-dronc/+; Df(diap1)/+ adult flies than expected. In contrast, a deficiency removing diap2 showed no effect on the GMR-dronc phenotype ( with Grim, but not with Rpr or Hid, suggesting that Dronc forms a complex with Grim. We then examined whether Dronc could form a complex with P35 by transfecting SL2 cells with Dronc tagged with the HA and 6xHis epitopes and with HA-tagged P35. As shown in Figure   4C , P35 was present in the Dronc complex, indicating that these proteins can associate.
To determine whether the interactions of Dronc with Grim or P35 were direct we tested whether these proteins could interact in vitro. As shown in Fig. 5 In addition, embryos were also stained with neural differentiation marker Mab 22C10 (52) , to reveal whether ablation of dronc was affecting neural development. At stage 13, uninjected embryos show Dronc expression throughout the embryo and a large number of TUNEL positive cells (Fig. 7A, C) . In contrast, in stage 13 dronc RNAi embryos Dronc protein was undetectable and very few TUNEL positive cells were observed (Fig. 7B, D, G, J) . Buffer injected control embryos showed no decrease in cell death, but rather more cells were TUNEL positive (Fig. 7N) . We analyzed at least 400 dronc RNAi injected embryos, and the results obtained were consistent for all embryos. Although dronc RNAi injected embryos failed to hatch, examination of embryonic structures using Nomaski optics showed no apparent gross structural defects (Fig. 7H, I ). Furthermore, staining with neural marker 22C10 showed that neural differentiation was normal (Fig. 7E, F (20, 21, 36, 37) , is most consistent with the model shown in Fig. 8 . However, since results reported here and by others have been obtained using overexpression systems, these genetic interactions need to be supported by analysis of specific dronc mutants.
Dronc, as a CARD containing caspase-9 homolog, is expected to function downstream of death signals and upstream of the effector caspases such as Drice, Dcp-1 and Decay (Fig. 8) .
The suppression of the GMR-dronc phenotype by coexpression of the caspase inhibitor P35, and the biochemical interaction we have observed between Dronc and P35, show that Droncinduced cell death is caspase-dependent, as may be expected. Another recent study has also observed that P35 can inhibit Dronc-mediated cell death in S2 cells (53) . However, this is in contrast to previous studies, where no genetic or biochemical interaction was observed between Dronc and P35 (36, 37) . The difference in genetic interactions may simply be due to our GMRdronc eye ablation phenotype being less severe than the phenotype assayed in previous studies (36, 37) and was therefore more sensitive to detecting more subtle genetic interactions. The difference between our biochemical data may be explained by differences in experimental design, since the studies of Meier et al. and Hawkins et al. (36, 37) were done in yeast where no other apoptosis components are present. Since we were unable to observe a direct binding between Dronc and P35 in vitro, it is possible that P35 interacts with, and inhibits a downstream caspase, rather than Dronc itself. One possible candidate is Drice, which has been shown to interact with both P35 (19) and Dronc (36), or Dcp-1, which can cleave P35 (37).
Based on homology and the ability of Dronc to form a complex with Dark, Dronc is expected to be a functional homolog of CED-3/caspase-9 (30; this study). Dronc, is therefore expected to be downstream of Dark and the proteins of the H99 complex, which are known to induce PCD by activating caspases (13, 27; Fig. 8 ). Consistent with this, we and others (36, 37) have shown that a dronc deficiency or expression of the dominant negative dronc mutant is able to suppress the ablated eye phenotype of GMR-hid and GMR-rpr. Since overexpression of upstream caspases generally results in autoactivation, ectopic expression of dronc was expected to be epistatic to the H99 genes and dark. However, we found that halving the dosage of the H99 genes or dark suppressed the GMR-dronc eye phenotype, suggesting that the H99 genes and dark are rate limiting for dronc function. This may be explained by the possibility that Dronc, when overexpressed as a zymogen, is not able to self-activate very efficiently and may therefore be dependent on the dosage of upstream activating genes. Another possibility is that the suppression of GMR-dronc by halving the dosage of the H99 genes may be a result of a feedback amplification loop between active caspases and Rpr, Hid and Grim.
Consistent with the genetic interaction, Dronc forms a complex with the H99 gene product Grim, when co-expressed in cells. However, we have shown that this interaction is not direct and may occur through Diap1, which can bind to Dronc and to Grim (this study, 36, 37).
The significance of the in vivo interaction we have observed between Grim and Dronc is unclear and requires further investigation. As a CED-3/caspase-9 homolog, activation of Dronc is The Drosophila apoptosis inhibitor Diap1 inhibits the activity of Drice and Dcp-1, and is antagonized by Rpr, Hid or Grim (18, 19) . Our data showing a dose-dependent enhancement of GMR-Dronc by diap1 mutations and that Dronc and Diap1 form a complex is consistent with Diap1 also acting as an inhibitor of Dronc. A recent study (36) has also demonstrated that Diap1
and Dronc interact genetically and biochemically and that the pro-domain of Dronc is required for the Diap1 interaction. We also observed that expression of diap1 or diap2 (to a lesser extent) was able to suppress the GMR-dronc phenotype, indicating that Diap2 as well as Diap1 can prevent Dronc-mediated cell killing. However, since a diap2 deficiency did not show a dominant enhancement of GMR-dronc, and Diap2 did not form a complex with Dronc, it is likely that the suppression of GMR-Dronc by GMR-Diap2 is indirect, perhaps via the inhibition of downstream caspases. Our genetic and biochemical observations for a role for Diap1, but not Diap2, in suppressing Dronc function are consistent with previous studies showing that diap1 18 and diap2 function differently in inhibiting cell death (13, 15, 18) . Halving the dosage of diap1, but not diap2, enhances rpr, hid or grim-induced cell death (15) , while overexpression of diap1 or diap2 can inhibit rpr or hid-induced death, but only overexpression of diap1 can inhibit griminduced cell death (13, 15, 18, 54) . Additional studies are required to further explore the precise roles of Diap1 and Diap2 in the Drosophila cell death pathway.
In summary, we have shown that Dronc is essential for cell death in early embryos and is required for Rpr, Hid or Grim induced cell death (20) . Diaps act by binding to pro-caspases and preventing their activation (13, 14) . Rpr, Hid and Grim, by binding to Diap1 are thought to disrupt IAP-caspase complexes, leading to caspase activation (18) . The baculovirus protein P35 acts to inhibit many caspases (14) , but has not yet been shown to directly inhibit Dronc. In the Dronc pathway, P35 may function by inhibiting a downstream caspase, such as Drice.
by guest on 
